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Adhesion, internalization and metabolism of calcium oxalate monohy-
drate crystals by renal epithelial cells. The interaction between crystals
that nucleate in the nephron lumen and tubular cells could be an
important determinant of renal calcification. Kidney epithelial cells in
monolayer culture (BSC-1 line), used to model the tubule, rapidly bound
and internalized crystals of calcium oxalate monohydrate (COM), the
most common constituent of renal stones. Transmission and scanning
electron microscopy, enzyme histochemistry, and kinetic analysis of ['4C]-
labeled crystals were used to study the interaction between renal cells and
COM crystals. Electron microscopy revealed that adherent crystals on the
apical cell surface can serve as sites for aggregation of additional crystals.
Enhanced binding of exogenous crystals to plasma membrane domains
overlying internalized crystals was observed for at least 24 hours after the
initial cell-crystal interaction. Following internalization, crystals appeared
to dissolve within lysosomal inclusion bodies during the ensuing five to
seven weeks. Over this time, many cells still containing crystals clustered
together in the monolayer. These observations suggest that adhesion and
internalization can promote crystal retention in the nephron, whereas
intracellular dissolution of crystals may serve as an important, hitherto
unrecognized defense against pathologic renal calcification.
Urine is often supersaturated with calcium and oxalate ions that
nucleate to form calcium oxalate crystals [1]. Unless these small
crystals grow large enough to occlude a tubule lumen, aggregate
with other crystals to form a mass large enough to do so, or adhere
to the tubular epithelium, they will be swept out of the nephron in
the flowing fluid within a few minutes, and pathologic renal
calcifications will not form. Indeed, calculations based on the rate
of fluid flow and time required for crystals to nucleate from ions
in tubular fluid suggest that an individual crystal will pass into the
urine before it grows large enough to be retained in the nephron
and subsequently form a stone [2, 3].
We have hypothesized that attachment of nascent crystals to the
tubular cell surface [4—9] and the cellular responses that follow
[10—121 could result in crystal retention and thereby set in motion
a series of events that lead to pathologic renal calcification. The
interaction between crystals found in tubular fluid and kidney cells
was studied by using cultures of renal epithelial cells (BSC-1 or
MDCK lines) as a model system [6, 7, 10—12]. We observed that
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microcrystals of calcium oxalate monohydrate (COM), the most
common crystal in renal stones, irreversibly bind to the apical cell
surface; subsequently they are internalized and can stimulate
proliferation [7, 10—12]. Adhesion of COM crystals to anionic,
sialic acid-containing molecules on the surface of renal epithelial
cells is crystal-type specific and can be blocked by competing
soluble anions in tubular fluid such as glycosaminoglycans, citrate
or glycoproteins [6, 7]. Internalization of crystals and the mito-
genie response to them are also crystal- and renal cell-type specific
[10, 11], and are regulated by specific urinary proteins, autocrine
factors, extracellular matrix proteins, and the prevailing concen-
tration of potassium [11]. Although our previous studies suggest
that crystals can be retained within cultured renal epithelial cells
for weeks without apparent toxicity [12], the fate of intracellular
COM crystals and their contribution to kidney stone formation is
uncertain. We set out, therefore, to determine the long-term fate
of internalized crystals, and the response of these crystal-contain-
ing cells to subsequent interactions with exogenous crystals.
METHODS
Cell culture
Renal epithelial cells of the nontransformed African green
monkey line, BSC-1, were used for study [13]. Cells were grown in
Dulbecco-Vogt modified Eagle's medium containing 25 mM glu-
cose (DMEM), 1% calf serum and 1.6 j.M biotin (E + 1%) at 38°C
in a CO2 incubator. Under these conditions, BSC-1 cells achieved
confluence at 106 cells per 60-mm plastic plate (Nunc, Naperville,
IL, USA). High-density, quiescent cultures were prepared by
plating 2 X 106 cells in a 60-mm dish. The spent medium was
changed after three days so that there were 3 to 4 X 106 cells/plate
six days later. Then medium was aspirated and replaced with fresh
medium containing 0.01% calf serum and 16 j.M biotin; three days
later the quiescent cultures were used for study.
COM crystals (200 .tg/ml) were added directly to the medium
(E + 1%) of confluent monolayers of BSC-1 cells to study their
fate after internalization. Every three to five days until the end of
the experiment, medium was replaced with fresh E + 1%. At the
time of each medium change, representative plates were pro-
cessed for cell-associated radioactivity as described below, or a
solution of crystalline trypsin was used to detach cells that were
then counted in a hemocytometer and inspected under a polariz-
ing microscope, as previously described [10]. One hundred cells
from each culture were scored for the presence of one or more
associated crystals.
In experiments to evaluate the effect of prior cellular exposure
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to crystals on adhesion of additional crystals, unlabeled COM or
calcium phosphate (brushite, BR) crystals were added to the
medium of BSC-1 cells. At specified times thereafter (5 mm to 24
hr), the medium was aspirated and replaced with phosphate-
buffered saline (PBS; 10 mrvi Na2PO4, 155 mvi NaC1, 5.4 mivi KC1,
pH 7.4) to which ['4C]-labeled COM crystals in water were added
(200 jig/mi). Radioactivity associated with the cells was measured
two minutes later as described below. Cells in three different
cultures were counted in each of two separate experiments.
Materials
Crystals of COM or BR were prepared from supersaturated
solutions by Y. Nakagawa (University of Chicago) utilizing pub-
lished methods [14, 15]. To prepare radioactive COM crystals,
[14C]oxalic acid (30 to 60 mCi/mmol; ICN Biornedicals, Irvine,
CA, USA) was added to a sodium oxalate solution producing a
specific activity of i0 cpm/ml, and sufficient calcium chloride was
then added to form a supersaturated solution. The COM crystals
that precipitated had a specific activity of 20 to 60,000 cpm/mg.
Crystal size and shape were assessed by light and scanning
electron microscopy [12]. COM crystals were cuboidal to spindle
shaped, and uniformly small at 1 to 2 jim in largest diameter. BR
crystals were planar, irregularly shaped, <1 jim thick and 1 to 3
jim in largest diameter. Crystals were sterilized by heating to
180°C overnight. X-ray crystallography performed by S. Deganello
(University of Palermo, Palermo, Italy) demonstrated that heating
did not alter the structure of COM crystals.
Reagents were purchased from Sigma Chemical Company (St.
Louis, MO, USA), unless otherwise indicated.
Adhesion of crystals to cells
To measure crystal adhesion, BSC-1 cell culture medium was
aspirated and replaced with 5 ml of PBS at 37°C. [14C]COM
crystals were added to the buffer to achieve a final concentration
of 200 j.tg/ml (47.2 jig/cm2 of cells) from a sterile slurry in distilled
water that was constantly stirred at 1500 revolutions/minute to
prevent aggregation. The culture dishes were gently agitated for
five seconds to uniformly distribute the crystals that then settled to
the surface of the cell monolayer under the force of gravity. After
two minutes, buffer was aspirated and the cells were washed three
times with PBS (5 ml). The cells were then scraped directly into a
scintillation vial containing 6 N HCI (0.5 ml) to which 4.5 ml of
Ecoscint (National Diagnostics, E. Palmetto, FL, USA) was
added, and the amount of radioactivity was measured [5].
Acid phosphatase staining
To localize intracellular acid phosphatase, confluent monolayer
cultures of BSC-1 cells to which COM crystals or vehicle alone
had been added eight days earlier were rinsed with PBS and
subsequently fixed with freshly prepared 0.037 M sodium phos-
phate buffer (pH 7.4) containing 0.01 M sodium periodate, 0.075 M
lysine, and 2% paraformaldehyde for 15 minutes at room temper-
ature [16]. Fixed monolayers were stained with naphthol AS-BI
phosphate and counter-stained with methylene blue according to
the manufacturer's instructions (Acid Phosphatase Diagnostic
Kit; Sigma).
Electron microscopy
To process cultures for transmission electron microscopy
(TEM), cell monolayers were rinsed with PBS and fixed with
half-strength Karnovsky solution (2% formaldehyde and 2.5%
glutaraldehyde) in 0.2 M cacodylate buffer (pH 7.4) for four hours
at 4°C [121. To study intracellular architecture by TEM, pellets
were prepared by gently scraping the fixed cells from the dish with
a rubber policeman into an Eppendorf tube that was centrifuged
at 3000 X g, and then postfixed in 2% osmium tetroxide in 0.2 M
cacodylate buffer for one hour.
In separate experiments designed to determine if internalized
crystals eventually appear in the basolateral extracellular space,
cells were grown on inserts coated with an artificial matrix
material (Biocoat Matrigel Invasion Chamber; Beckton Dickin-
son, Bedford, MA, USA). These monolayers were then fixed and
processed for TEM without scraping the cells.
Cells were dehydrated in increasing concentrations of ethanol
(35% to absolute) and embedded in Epon epoxy resin. Ultrathin
sections were cut on a Sorvall MT2-B ultramicrotome, stained for
one hour with uranyl acetate and for 1 to three minutes with lead
citrate, and then examined at 80 kV with a Siemens 101 electron
microscope. For scanning electron microscopy (SEM), cells fixed
on glass coverslips were air dried, mounted on a stub, coated with
gold for four minutes, and examined with an ETEC scanning
electron microscope at 40 kV.
Statistics
Data were compared by Student's I-test; P values less than 0.05
were accepted as significant. Values presented are means SEM.
When no measures of variance appear on the graphs, it is because
they are smaller than symbols used for the means.
RESULTS
Response of BSC-1 cells to COM crystals
[14C]COM crystals (200 jig/mI) were added to nearly confluent
cultures to determine if BSC-1 cells metabolize these seemingly
inert particulates. One day later when inspected in a hemocytom-
eter after trypsinization of the confluent monolayer [11], 95% of
the 0.8 x 106 cells were associated with a crystal. Therefore, this
protocol ensured that nearly every cell was exposed to at least one
crystal. During the next three weeks cell-associated radioactivity
declined progressively, whereas the number of cells either with or
without crystals increased (Fig. 1). Detached cells or free crystals
were not seen by light microscopic inspection of cell monolayers,
or in pellets of culture medium centrifuged at 1000 X g for 10
minutes. The amount of radioactivity removed from the cultures
in the five medium changes performed during the study accounted
for the decline in cpm measured in cells of the monolayer.
Radioactivity in pellets prepared from spent medium was not
higher than that of an equal volume of supernatant, suggesting
that neither free crystals nor cells containing crystals were re-
leased into the medium. As mammalian cells are not known to
metabolize oxalate, it was assumed that [14CJ radioactivity in
culture medium was ['4C]oxalate released by cellular action on
internalized crystals that was subsequently transported from the
cell interior into the medium [17]. In a separate control experi-
ment performed to exclude the possibility of slow, passive disso-
lution of COM crystals unrelated to cellular presence, we ob-
served that crystals incubated in medium in the absence of cells at
38°C did not dissolve during a three week period. Thus, BSC-1
cells proliferated and distributed [14C]COM crystals to daughter
cells for 21 days after exposure to exogenous crystals while the
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amount of radioactivity in the monolayer declined, suggesting that
internalized crystals dissolved in viable, intact cells.
Association of crystals with lysosomes
TEM was used to examine the morphological response of
BSC-1 cells to COM crystals. We have previously documented by
TEM [121 that COM crystals are internalized by BSC-1 cells and
can be seen in membrane-lined vacuoles 24 hours after addition,
as demonstrated in Figure 2A. After one week, internalized
crystals were often adjacent to apparent lysosomal bodies (Fig.
2B). The number and appearance of lysosomes and myeloid
bodies in close association with the crystals was more marked
after two weeks (Fig. 2C). By three weeks, crystal-containing
inclusions were often larger in size and contained abundant
amorphous material and multiple myeloid bodies (Fig. 2D),
suggesting fusion of numerous lysosomes with the vacuoles that
contained crystals. By five weeks, many of the crystals seen within
vacuoles appeared smaller (Fig. 2E). A control cell maintained in
culture for three weeks (never exposed to crystals) is shown for
comparison in Figure 2F; when observed for up to five weeks
much smaller mycloid bodies were occasionally observed in
control cells. In a separate set of experiments, rigorous study of
cells grown in the absence or presence of an artificial matrix
(Matrigel) for up to five weeks did not reveal transcytosis of
internalized crystals into the basolateral space.
Long-term morphological response of BSC-1 cells to COM
crystals
Although crystals appeared to dissolve within BSC-l cells, this
process required several weeks (Figs. I and 2). During that time,
the distribution of crystals retained in the monolayer changed
substantially. Initially, crystals were distributed nearly uniformly
among cells in the monolayer. After four weeks, however, many
crystals were seen in a relatively small number of adjacent cells
(Fig. 3 A, B) with crystals protruding from the surface of the
monolayer when examined by SEM (Fig. 3C). For comparison, a
phase-contrast micrograph of cells under control conditions after
four weeks is shown in Figure 3D.
When studied by light microscopy and TEM, cells within these
clusters contained numerous myeloid bodies and intralysosomal
crystals (Fig. 2). To confirm that the bodies which fused with
crystals were lysosomes, cell monolayers exposed to COM crystals
were stained for acid phosphatase. Intense staining was seen
inside most cells that were associated with COM crystals (Fig. 3E;
eight days exposure). In comparison, only minimal acid phospha-
tase staining was detected in control cells maintained in culture
for eight days. However, when measured, acid phosphatase enzy-
matic activity in the lysosomal fraction of an entire crystal-exposed
monolayer was not greater than in a control monolayer also
maintained in culture for four weeks (data not shown). Neither
multinucleated giant cells nor apoptotic cells were seen by light or
electron microscopy. Thus, following an interaction with exoge-
nous COM crystals, BSC-1 cells internalize these particulates into
membrane-lined vacuoles that appear to fuse with acid phos-
phatase-positive lysosomal bodies, suggesting a mechanism for the
observed decline in cell-associated [14C]ciystal mass.
Cooperative binding of crystals
In vivo, renal tubular cells containing crystals could be exposed
to additional crystals before dissolution is complete. We asked,
therefore, if prior crystal internalization influenced subsequent
crystal interactions on the cell surface. Since BR crystals bind to
BSC-1 cells much less readily than COM crystals and do not elicit
specific cellular responses such as proliferation [10—12, 18], they
were chosen as a negative control particulate to evaluate the effect
of exposing cells to a second calcium-containing crystal that might
be present in tubular fluid. At time 0, unlabeled COM or BR
crystals (200 j.tg/ml), or vehicle (water) alone were added to
high-density, quiescent cultures. At specified times thereafter,
adhesion of ['4C]COM crystals (200 jig/mI) was assessed using a
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Fig. 1. Effect of time on the interaction between COM crystals and monkey kidney epithelial cells of the BSC-1 line. Confluent cultures were prepared
as described in the Methods section, and [14C]COM crystals were added to the medium at time 0. Every 3 to 5 days thereafter, medium was replaced
with fresh medium containing 1% calf serum. (A) Cell-associated radioactivity declined progressively during the next 21 days. (B) The total number of
cells per culture (•), and cells containing a crystal (0) each increased during this period.
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Fig. 2. Transmission electron micrographs of COM crystals within BSC-1 cells. Confluent cultures of BSC-1 cells were prepared as described in the
Methods section, and COM crystals were added to the medium. Every 3 to 5 days thereafter medium was replaced with fresh medium containing 1%
serum. Cells were scraped off the dish, collected in a pellet, fixed, embedded, stained and sectioned prior to examination by TEM. (A) intracellular COM
crystals arc seen within a membrane-lined vacuole at 24 hours (X3200). The apical surface of the cell is at the top and its basal surface is at the bottom
of the panel. (B) An intravacuolar crystal appears to be fusing with a lysosomal body after one week (arrow, X2800). Numerous myeloid bodies (arrow)
are associated with a crystal at two weeks (C, X5600), and a larger lysosomal inclusion containing multiple mycloid bodies is seen after three weeks (D,
x2800). (E) Smaller crystals (arrows) contained within a lysosome are seen at five weeks (x5600). A control cell at five weeks, shown for comparison
in panel F, does not contain lysosomal bodies (panel E, X4500). N is nucleus.
two-minute assay. Binding of [14CJCOM crystals to COM crystal-
pretreated cultures was 99% greater than controls if fresh crystals
were added one minute after the initial crystal-cell interaction,
and 77% greater five minutes later (P < 0.01; Fig. 4). One hour
after exposure to COM crystals, binding of additional ['4C]COM
crystals was still 30% greater than control, and remained in-
creased for at least 24 hours (P < 0.01). In a parallel experiment,
binding of ['4C]COM crystals to cells previously exposed to
unlabeled BR crystals did not differ from COM crystal adhesion to
control cells (data not shown). Exposure to the vehicle increased
crystal binding above baseline one hour after addition (Fig. 4),
suggesting that relatively subtle stimuli can alter the crystal-
adhesive capacity of the cells.
To investigate the structural basis for increased binding of fresh
COM crystals to cells previously exposed to crystals (Fig. 4), a
scanning electron microscope (SEM) was used. Adherent BR
crystals, used as a control particulate, were seen on the surface of
BSC-1 cells two minutes after the addition (200 .tg/ml; Fig. 5A),
but fewer than when the same quantity of COM crystals was
added to the culture (Fig. 5B); both crystal types were of similar
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Fig. 3. Effect of time on the appearance of COM crystals in BSC-1 cells
by light and scanning electron microscopy, and acid phosphatase staining
of COM crystal.associated lysosomal inclusion bodies. COM crystals were
added to confluent cultures of BSC-1 cells, and at specified times
thereafter were either examined by phase-contrast microscopy (A, B, D),
fixed and coated for SEM (C), or rinsed with PBS, fixed, and stained for
acid phosphatase (E). After four weeks, most crystals (black) were
confined to relatively few, adjacent cells within the monolayer (arrows; A
X400, B X 1000). A representative aggregate of crystal-containing cells is
shown under scanning microscopy in panel C (x 1000); crystals are seen
just beneath the apical cell surface (white). Cells in a control monolayer at
four weeks are shown for comparison in panel D (X400). In panel E,
positive acid phosphatase-staining is seen (arrows, gray contrast) in close
proximity to a cluster of crystals (star, black contrast; compare to panel B;)
eight days after addition. Nuclei (N) of three adjacent cells are identified
(x1000).
size. Al one hour, those BR crystals that did adhere were seen
beneath the cell surface and appeared visible under a thin layer of
cytoplasm for up to 24 hours (not shown). Many COM crystals
were also enveloped by one hour, although substantial portions of
the crystal surface remained uncovered by cellular processes.
After 24 hours, the great majority of COM crystals were covered
by a layer of cytoplasm and remained visible just beneath the
plasma membrane (Fig. 5 C, D), as confirmed by transmission
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Fig. 4. Enhanced binding of fresh COM crystals to renal epithelial cells
following a crystal-cell interaction. High-density, quiescent cultures of
BSC-1 cells were prepared, and unlabeled COM crystals (200 rgIml, U) or
vehicle (water, •) were added to the medium at time 0. At specified times
thereafter, medium was aspirated and the affinity of cells for additional
crystals was assessed by measuring the amount of [14C]COM crystals in
PBS that bound to cells during the two-minute assay described in the
Methods section. At each of five times during the next 24 hours, more
['4C]COM crystals bound to those cells that had first been exposed to
unlabeled crystals than to those exposed only to the vehicle (P < 0.01).
electron microscope (TEM) in this (Fig. 2A) and previous studies
[12]. Therefore, BSC-1 cells internalize adherent COM or BR
crystals in a similar manner, although complete internalization of
crystals can take up to 24 hours.
Next, cells pretreated with COM crystals (200 jsg/ml) were
studied under SEM two minutes after exposure to additional
COM crystals (200 j.tg/ml). When added between 1 and 24 hours
after a first set, crystals from the second batch appeared to
preferentially adhere to those sites on the cell surface where
crystals from the first set had already bound. After one or six
hours, the sharp contours of freshly adherent crystals were easily
distinguished from crystals beneath them, which had smoother
contours because they were internalized under the plasma mem-
brane (Fig. 6 A, B). During the first hour it was uncertain if fresh
crystals bound directly to the surface of previously-added crystals,
or if a layer of plasma membrane or other material separated
them. By 24 hours, the great majority of crystals were entirely
covered by plasma membrane (Fig. SD), but newly added crystals
appeared to bind preferentially to sites on the monolayer where
previously added crystals were seen beneath the cell surface (Fig.
6 C, D). However, on the basis of these studies it is not possible
to definitively determine if at 24 hours all freshly-added crystals
bound to the plasma membrane overlying engulfed crystals or to
a portion of a previously-added crystal that was not entirely
internalized. COM crystals were also visualized bound to sites on
the cell surface where BR crystals had previously been internal-
ized (not shown), suggesting that similar alterations of the plasma
membrane occur after internalization of either type of crystal.
Possibly because fewer BR than COM crystals adhered to the cells
(Fig. S A, B), BR-pretreated cells bound fewer COM crystals than
did COM-pretreated cells under these conditions. These observa-
tions suggest the possibility that functional and/or structural
alterations in the plasma membrane domain overlying an inter-
nalized crystal enhance its affinity for additional COM crystals.
We previously observed a positive linear correlation between
the quantity of COM crystals added to the culture medium and
the amount that binds to the cells [6]. As expected, a greater
number of COM crystals were seen on the cell surface by SEM
after 10 minutes when the amount of crystal added to separate
cultures was increased from 200 to 400 ag/ml (Fig. 7 A, B).
However, when 200 jig/mI of COM crystals added at time 0 was
followed by adding 200 jig/mI to the same culture 10 minutes
later, larger crystal aggregates were frequently seen on the cell
surface (Fig. 7C). Crystals in the second batch appeared to
aggregate directly with those crystals already bound, and by this
mechanism become anchored to the plasma membrane. There-
fore, the presence of adherent as well as internalized COM
crystals increases the likelihood that additional crystals will bind
to the cell surface.
DISCUSSION
This study suggests that after COM crystals bind to and are
internalized by renal epithelial cells in culture, they slowly de-
crease in size while in close association with lysosomal bodies. The
apparent dissolution of internalized COM crystals takes many
weeks in culture, and during this time groups of adjacent crystal-
containing cells form within the monolayer. It is possible that in
pathologic states the dissolution of COM crystals in renal cells
could be defective, resulting in crystal retention and formation of
a nidus for calcification. Immediately after adhesion to the apical
cell surface, anchored COM crystals can serve as a preferential
site for binding of additional crystals. Following internalization,
the plasma membrane domain overlying a crystal appears to
exhibit increased adhesiveness for crystals because attachment of
added crystal was enhanced for at least 24 hours after the first one
bound. Therefore, the presence of either adherent or internalized
COM crystals results in an increased number and/or affinity of
crystal adhesion sites on the cell surface.
The mechanisms by which freshly-nucleated crystals are re-
tained in the kidney and initiate pathologic calcification are not
known. Calculations based on tubular fluid ion concentrations and
the maximal rate of calcium oxalate crystal growth in vitro suggest
that a crystal could not become large enough to occlude a tubule
lumen during the time necessary for transit from proximal tubule
to the end of the collecting duct [2], although some assumptions
underlying these conclusions have recently been questioned [3].
Nevertheless, binding of microcrystals to the apical surface of
tubular cells and cellular processing of the crystals after adhesion
could be important determinants of intrarenal calcification. The
results presented here and in our previous reports [6, 7, 10—12]
suggest that after nucleation in distal tubular fluid a COM crystal
can bind to microvilli on the apical cell surface. Studies in cultured
canine epithelial cells [8] and primary cultures of rat inner
medullary collecting duct cells [4, 5] also suggest that COM
crystals adhere to specific cell surface receptors. Importantly,
exogenous crystals can bind to recently anchored crystals on the
apical cell surface (Fig. 6), a process that has not been previously
described. Cells that internalize a crystal are also more likely to
bind additional crystals (Figs. 4 to 7). Each process could thereby
set in motion a positive feedback loop leading to crystal retention.
The kidney employs multiple redundant mechanisms to inhibit
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Fig. 5. Adhesion and internalization of calcium oxalate monohydrate (COM) or brushite (BR) crystals to BSC-1 cells studied by scanning electron
microscopy. BR (A) or COM (B—D) crystals (200 jrg/ml) were added to high-density, quiescent cultures of BSC-1 cells that were subsequently fixed and
coated for SEM as described in the Methods section. BR crystals bound to the surface of BSC-1 cells within two minutes (A, X500), but fewer crystals
were seen than when the same amount of COM crystals was added (B, X500). COM crystals could still be seen at 24 hours (C, X500) but were now
completely covered by a layer of cytoplasm (D, ><2000).
crystal nucleation, growth and retention, but once this cascade of
events has been set in motion, crystal dissolution in lysosomes may
represent an important final defense against stone formation.
Polyanions in tubular fluid including glycosaminoglycans, glyco-
proteins (nephrocalcin, uropontin), and citrate are potent inhib-
itors of COM crystal nucleation, aggregation [19—23], and adhe-
sion to cells [6, 9], and appear to act by binding to the crystalline
surface. Once crystals nucleate they can bind to anionic sites on
the cell surface such as sialic acid-containing glycoproteins [7] or
possibly anionic phospholipids [24, 25]. Adhesion of crystals is
followed by internalization [8, 10—12], and as demonstrated in this
report, the internalized particulates appear to dissolve within
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Fig. 6. Scanning electron micrographs of COM crystals bound to BSC-1 cells previously exposed to crystals. COM crystals were added to high-density,
quiescent cultures of BSC-1 cells. At specified times thereafter, a second batch of COM crystals was added. Two minutes later the monolayers were fixed
and coated for SEM. At one hour (A) and six hours (B) after the initial interaction between COM crystals and the cells, sharp contours of freshly
adherent crystals (arrows) can be differentiated from crystals added previously that are seen beneath the plasma membrane and appear out of focus
because they are covered by it (stars) (x3000, x2000). At 24 hours (C, D), freshly added crystals (arrows) also appear to bind preferentially to sites on
the plasma membrane overlying crystals added earlier (star) that are now completely covered by the plasma membrane (X600, ><2000).
lysosomal bodies. In rats rendered hyperoxaluric by oral admin- tubular cells [261; selected area electron diffractogram analysis
istration of ethylene glycol for eight days, crystals were observed confirmed that these crystals were mostly COM [27].When rats
within tubular lumens as well as inside both proximal and distal were studied 5 to 10 days after cessation of the microlith-inducing
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Fig. 7. Scanning electron micrographs showing the effect of internalized COM crystals within BSC-1 cells on the binding of additional crystals.
Different amounts of COM crystals were added to high-density, quiescent cultures at time 0 (A and C, 200 jg/ml; B, 400 g/ml). Ten minutes later
additional COM crystals (200 tg/ml) were added (panel C only). All three monolayers were then fixed and coated for SEM. More COM crystals were
seen on the cell surface when 400 g/ml (B) than when 200 g/ml (A) were added. Addition of 200 jtg/ml of COM crystals at time 0 followed by an
additional 200 jg/ml 10 minutes later, yielded larger aggregates of crystals (arrows, C) when compared to panel B, although the same total quantity of
crystal was added to each culture (X500).
stimulus, intracellular crystals were no longer seen [28, 29].
Earlier studies of hyperoxaluric rats by other investigators also
documented the serial appearance of intraluminal, intracellular,
and interstitial crystals [30]. Whether dissolution of crystals within
tubular cells accounts for the progressive disappearance of intra-
cellular crystals in these rat models remains to be determined. In
the present study, the process of crystal dissolution required up to
several weeks, and during this time the renal cell surface appeared
to exhibit increased affinity for additional crystals.
The biologic response of fibroblasts in culture to calcium-
containing hydroxyapatite (HA) crystals has been extensively
studied. Endocytosis of HA crystals stimulates proliferation of
these cells [31, 32], a response that is not mediated by changes in
extracellular fluid composition following crystal dissolution [33,
341. The mitogenic effect is preceded by induction of c-fos and
c-myc protooncogene expression: the latter can be blocked by
/3-interferon [35]. Intracellular dissolution of the crystals does not
appear to proceed fast enough to account for the rapid induction
of c-fos or possibly c-myc [35]. Phosphocitrate, a powerful inhib-
itor of HA crystallization, blocked HA-induced DNA synthesis in
3T3 fibroblasts even when added up to three hours after the
crystals, but was ineffective when washed off cells prior to addition
of crystals. From these experiments, it was concluded that disso-
lution of internalized HA crystals and elevation of intracellular
calcium concentration were required for progression of the cell
cycle, but not for the earliest steps in crystal-mediated mitogenic
signal transduction.
An unexpected result of this study was the evolution of crystal-
containing cell clusters during five weeks in culture (Fig. 3).
Although the mechanisms by which these clusters developed is
unknown, they could represent the tissue culture equivalent of a
nidus for intrarenal calcification such as a Randall's plaque [36].
Because of the large crystal burden contained within each of these
cells, they may not be fully capable of normal functions such as
mitosis, although neither cell death nor detachment was seen,
either by light or electron microscopic examination. Since other
cells in the monolayer continued to divide (Fig. IB), islands of
non-dividing, crystal-laden cells could have formed over time. The
apparent dissolution of COM crystals within lysosomes predicts
that calcium and oxalate ions would be released into the cytosol,
although the fate of these ions inside renal epithelial cells is not
known. The disposition of oxalate is important to consider
because mammalian cells do not possess biochemical machinery
to metabolize this ion, which can have adverse effects on renal cell
function [37, 381, perhaps via generation of free radicals [39]. The
persistent appearance of radioactivity in the culture medium
suggests that at least a portion of the oxalate mobilized from the
internalized crystal is released by the cells that possess transport-
ers that facilitate efflux of this ion [17]. Since relatively large
quantities of calcium oxalate crystals may be toxic for renal
epithelial cells [40], release of intracellular oxalate upon crystal
dissolution could produce cell injury. Although we did not observe
cell death, it is possible that the formation of cell clusters that
contain relatively large quantities of crystal (Fig. 3) is mediated by
a non-lethal effect of intracellular oxalate. As the signals that
trigger alterations in gene expression [18] and stimulate cell
proliferation [10] after COM crystal internalization are unknown,
it is tempting to speculate that intracellular oxalate [37] or calcium
ions [41] released during crystal dissolution could play a role in
these processes.
Specific cellular defects could increase the likelihood of COM
crystal retention and subsequent kidney stone formation. If a
crystal adheres to the cell surface, delay in its internalization
might allow further crystal growth, and/or aggregation of addi-
tional crystals from tubular fluid because adhesion of crystals
declines as internalization proceeds (Fig. 4), although it does not
return to a baseline value by 24 hours. After internalization, slow
and/or defective dissolution of the crystal would favor adhesion of
additional crystals (Fig. 4), and possibly result in formation of
crystal-containing cell clusters (Fig. 3). The results of this study
suggest that the longer a crystal is retained within a renal cell, the
greater the likelihood of adhesion and retention of additional
crystals from tubular fluid. Transcytosis of crystals into the
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basolateral extracellular matrix was not observed, although intra-
cellular retention of crystals was prolonged. Therefore, the cur-
rent study does not support transcytosis as a mechanism that
mediates the formation of renal interstitial crystalline deposits
described in hyperoxaluric rats [28—301, although it does not
exclude the possibility that this process could occur in vivo.
The appearance of myeloid bodies within crystal-containing
inclusions (Fig. 2 B-E) suggests that repeated fusion of lysosomes
with the vacuoles has occurred, presumably in an attempt to
dispose of the crystals. The enzymes present within lysosomes are
not likely to dissolve these particulates [42], but COM crystals can
be solubilized at low pH [1]. Direct measurements of the pH
within endocytic vesicles and lysosomes have documented values
of 5 or lower [43, 44], although it is possible the crystal-containing
vacuoles identified in the present study could become even more
acidic because they were subjected to repeated fusion of lyso-
somes over many weeks, unlike the endocytic vesicles typically
studied [45]. Certain intracellular microbial pathogens also persist
inside cells for prolonged periods of time; examples include
mycobacteria [46] and leishmania [47, 48]. However, mycobacte-
na inhibit fusion of lysosomes with the vacuoles containing them
[46], and although lysosomes do fuse with leishmania-containing
vacuoles, these microbes resist lysosomal enzymes so that the
macrophages containing them lyse after a few days [47, 48].
Similarly, internalization of silica or asbestos particles by macro-
phages is followed by their uptake into lysosomes and eventual
cell death [49]. Therefore, intracellular dissolution of exogenous
COM crystals within lysosomes over a period of many weeks
appears to represent a heretofore undescribed cell biologic pro-
cess.
Demonstration of intracellular crystals in the kidneys of pa-
tients with nephrolithiasis is limited, perhaps because calcifica-
tions disrupt tissue architecture during sectioning, and calcium
deposits can be lost during tissue fixation [50]. However, previous
studies of kidney tissue obtained from patients with nephrolithi-
asis and without marked hyperoxaluria describe crystals adherent
to renal tubular cells [51], intracellular crystals [52, 53], and
intratubular aggregates of desquamated epithelial cells and crys-
tals [53, 54]. In the present study, when the amount of crystal
within renal epithelial cells was large, collections of crystal-
containing cells evolved in the culture (Fig. 3) whose appearance
is similar to that seen in kidneys of stone-forming humans [52, 54].
If similar collections of crystal-containing cells do form in vivo,
perhaps they eventually desquamate into the tubule lumen as a
mass of cells and crystals, thereby contributing to formation of
stone mineral and matrix. When looked for in human kidney
tissue, intracellular crystals were found in nonstone-forming indi-
viduals [51,53, 51, although less frequently than in stone-formers,
suggesting the possibility that cellular dissolution of crystals may
defend against intrarenal calcification in vivo. However, future
pathologic studies of kidneys from individuals with and without
kidney stone disease, perhaps utilizing specialized techniques to
preserve and detect smaller crystals, will be necessary to define the
true frequency of intracellular crystals in the intact kidney, and
their potential role in stone formation.
In summary, renal epithelial cells in culture bind and internalize
COM crystals that subsequently appear to slowly dissolve within
lysosomal inclusion bodies. The surface of cells that have adherent
and/or internalized crystals serves as a favored site for adhesion of
additional crystals, perhaps because crystal-containing cells have
increased affinity and/or more binding sites for them, and over
time clusters of adjacent crystal-laden cells form in the monolayer.
Thus, crystal dissolution within cells may be an important defense
mechanism that if defective or prolonged could result in crystal
retention and pathologic kidney calcification.
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